INTRODUCTION
In monocular vision, all visible objects are perceived in unique directions. No two opaque objects can be seen in the same visual direction. This property of monocular vision is embedded in the rules for monocular visual direction (Hering, 1879 (Hering, /1942 ; for reviews see Ono, 1991; van de Grind et al., 1995; Howard & Rogers, 1995a) . According to these rules, monocular vision is the product of a visual system in which direction is defined from a single centre. It is remarkable, and by no means trivial, that no two physical objects can have the same binocular visual direction. If two objects are lying in the same visual direction from the cylopean eye, the most distant object is (1) not visible to either of the eyes; (2) visible to one of the eyes; or (3) visible to both eyes. It is trivial that only one object is seen if the other object is not visible to either of the eyes. The other cases are more interesting. In Panum's limiting case, in which one object is fully *Helmholtz Instituut, Utrecht University, P.O. Box 80000, 3508 TA Utrecht, The Netherlands. ~'To whom all correspondence should be addressed [Email c.j.erkelens@fys.ruu.nl].
occluded by another object in only one eye, the two objects still have different directions in binocular viewing. Two percepts are possible if an object is placed behind another relative to the midpoint of the interocular axis such that both objects are visible to both eyes. If the two objects are identical, they may be misperceived as being side by side in two different binocular visual directions. This phenomenon is called the double-nail illusion (Krol & van de Grind, 1980) . The other possibility is that if one of the two objects is fixated or if the two objects have different shapes or colours, one object is perceived in one binocular visual direction whereas the other one is seen in two directions. Thus, a single object can be seen in two binocular visual directions, one direction originating from the left eye and the other direction originating from the right eye. Physical objects are seen in two visual directions if their two retinal projections are not integrated, a condition called diplopia. The so-called double images occur whenever disparity between the two retinal projections of the object are beyond the limits for fusion. Then, we actually perceive two identical objects located in different binocular visual directions. Objects are seen in one binocular visual direction if their two retinal 1735 projections are binocularly fused, or if one of the projections is neurally suppressed, or if one of the projections is absent as a result of occlusion. Recently, we have discovered that the concept of binocular visual direction as formulated by Hering (1879 Hering ( / 1942 creates a paradox if the visual field contains monocularly occluded objects (Erkelens & van de Grind, 1994; Erkelens et al., 1996) . The paradox is that, although the eyes have the same dimensions, more objects are projected on the cyclopean eye than on either the left or right eye. We investigated the paradox by comparing the binocular visual directions of objects lying in different depth planes in the presence and absence of monocular occlusions. The experiments showed that, far away from monocular occlusions, binocular visual directions are the weighted averages of monocular visual directions. Near monocular occlusions, binocular visual directions were equal to the monocular visual directions originating from the eye viewing the occlusions. The binocular visual directions found in the presence of monocular occlusions predicted that partially occluded objects would be perceptually distorted. Subjects, however, did not judge the shapes of partially occluded squares in stereograms to be distorted, which left the paradox unsolved (Erkelens et al., 1996) .
Until now, the investigation of binocular visual directions has concentrated mainly on stationary objects viewed by observers whose head was fixed by a support. In testing the various rules of binocular direction we generally assume that binocular fixation is perfect. The precision of vergence (expressed as a standard deviation) during binocular fixation with the head supported on a biteboard is about 3', which includes both smooth and saccadic eye movements (Steinman et al., 1982) . The accuracy of vergence, usually called fixation disparity, is typically about 5' for a viewing distance of about 1 m (Schor, 1979) . Although these errors in binocular fixation are certainly not negligible, they are relatively small. Errors in binocular fixation are much larger under dynamic viewing conditions. A stereogram can still be fused by an observer whose head is shaking vigorously. Steinman et al. (1982) measured standard deviations of vergence errors up to about 1 deg under such conditions. Similar vergence errors were found in subjects who viewed oscillating stereograms while their head was fixed (Erkelens & Collewijn, 1985a) . Owing to the large and fluctuating fixation errors, the viewing of oscillating stereograms provides an excellent condition for the critical testing of the models and laws for binocular visual direction. In this viewing condition, objective recording of eye positions is essential for the interpreta-tion of the psychophysical results. Knowledge of eye positions is also important because Banks et al. (1997) reported that changing fixation can have a considerable effect on the results of binocular alignment tasks. Figure 1 shows predictions of binocular directions based on the rules of Hering and on our recent findings. According to the rules of Hering, the directional relationship between a, b and e is provided by directional information from both eyes. Our rule prescribes that the directional relationship between a, b and c is given by directional information from only one eye. The left panels of Fig. 1 show the predictions during fixation of b. The rules of Hering predict a slightly larger angular distance between a and b than between b and c. Our rule predicts just the opposite. However, the differences between the predictions are relatively small for normal viewing distances. The right panels of Fig. 1 , however, show that the two rules predict very different relationships between the binocular visual directions of a, b and e if the bars are viewed in the presence of fixation disparity. The rules of Hering predict that b is not perceived in the veridical direction between a and e but that b is perceived in the direction of b'. The fact that the displacement from b to b' will be about 0.5 cm if the bars are displaced to a viewing distance of 35 cm while fixation remains at a distance of 30 cm, illustrates that the predicted displacements can have considerable sizes. Such displacements can easily be observed by the viewer, especially if the bars are moved backwards and forwards. In the absence of an additional fixation point, binocular fusion of the bars can be maintained because the absolute disparity will stay within the fusible range of 2 deg (Erkelens & Collewijn, 1985a) . Our rule (Erkelens et al., 1996) predicts that the binocular visual directions of points a, b and c will not change relative to each other if the bars are viewed with considerable binocular fixation errors. The only change in binocular visual direction that may occur is that a, b and c will be displaced together towards the left.
Recently, we showed that the binocular visual direction of monocular objects changed in the proximity of binocular objects (Erkelens & van Ee, 1997) . The directions of monocular objects were captured by those of binocular objects if the horizontal distance between monocular and binocular objects was small. Thus, the presence of adjacent binocular objects caused a departure from the rules of Hering for the perceived direction of monocular objects. In another study, we also observed such a departure for the perceived direction of monocular occlusions (Erkelens et at., 1996) . In the present study, we systematically varied the distance and disparity between binocular objects adjacent to a monocular object and measured how the perceived direction of the monocular object depended on these variables. We measured the binocular visual directions under dynamic viewing conditions to induce large fixation errors. These errors facilitate the discrimination between the different rules ( Fig. 1) . We presented stereograms of which the half-images oscillated in counterphase. Such stereograms are seen as being completely stationary in space if they are viewed without a frame of reference (Erkelens & Collewijn, 1985b) . Frequency and amplitude of oscillation were chosen such that the stereogram induced ocular vergence with gains below unity and considerable phase lags (Erkelens & Collewijn, 1985a) . We recorded the movements of both eyes from which we calculated gains and phase lags of ocular vergence. The stereogram contained a monocularly viewed, vertical line in between two binocular random-dot patterns. The monocular line oscillated at the same constant frequency as the binocular patterns, but with an adjustable amplitude or phase. Subjects were asked to null the perceived motion of the monocular line. From the settings and the measured eye movements we estimated the direction in which the monocular line was perceived as a function of distance and disparity between binocular objects.
A good reason for testing rules for binocular visual directions during the viewing of moving stereograms, provided they oscillate with appropriate frequencies and amplitudes, is that different rules of binocular visual direction predict very different results. A novelty of the method presented in this paper is that judgements of binocular visual direction are made on the basis of a motion criterion. Until now, knowledge of binocular visual direction has been obtained mainly by comparing the directions of stationary objects in alignment tasks or egocentre tasks (Howard & Templeton, 1966) .
METHODS

Subjects
Four subjects participated in the experiments. None of them showed any visual or oculomotor pathologies other than refraction anomalies. The subjects had normal or corrected-to-normal vision. They were checked for normal stereo vision by means of partially decorrelated random-dot test images (Julesz, 1971) . Two of the subjects were experienced in stereoscopic experiments.
Eye movement recording
In a number of experiments, the positions of the two eyes were measured with scleral sensor coils (Skalar, Delft, The Netherlands) connected to an electromagnetic system for recording eye movements (Skalar $3020) based on amplitude detection. The dynamic range of the recording system was from d.c. to better than 100 Hz (3 dB down), noise level less than +3' and deviation from linearity less than 1% over a range of +25 deg. In experiments in which eye movements were recorded, the head position of the subjects was restricted by a chin rest and a head support. Horizontal and vertical positions of the eyes were digitized on-line at a frequency of 512 Hz and stored in digital format with a resolution of 3'. In subtracting positions of the half-image viewed by the right eye from those of the half-image viewed by the left eye. Ocular vergence and target vergence were analysed by discrete Fourier analysis, the gain and phase between the fundamental frequency components were calculated by means of auto-and cross-power spectral densities.
Stimuli
The half-images were generated at a frequency of 70 Hz by an HP 750 graphics computer and backprojected on a fronto-parallel translucent screen by a projection TV (Barco Data 800). The subject was seated about 1.5 m in front of the screen. One image was projected on the screen after passing through a green filter and was observed by the right eye through a green filter. Red filters were used to make the other image visible exclusively to the left eye. Between stimuli the screen was blanked for 2 sec. The subjects were not restricted in their head and eye movements. The stereogram was viewed in a completely dark room. Figure 2 shows the stereogram that was used in the various experiments. The anaglyphic stereogram contained two equal squares (20 × 20 deg) filled with black (50%) and white random dots (dot size: 16 × 16'). The two squares were placed next to each other at distances ranging from 0 to 480' in 30 steps of 16'. Disparity between the squares (W~--Wr) was either + 16, ___32 or + 48'. The half-images oscillated as a whole in counterphase with each other with a fixed frequency of 0.75 Hz and an amplitude of 40', resulting in peak-to-peak vergence changes of 160'. Despite the oscillations, the subjects perceived a completely stationary stereogram during binocular viewing. The two random-dot patterns were perceived to be at fixed positions side by side, one pattern appearing a little closer than the other. A vertical line (16' × 30 deg) was placed either in the left or in the right half-image. The line oscillated with a frequency of 0.75 Hz in phase with the half-image viewed by the same eye.
Procedure
The amplitude of line motion was coupled to the position of the computer mouse and could be adjusted by the subjects. The subjects were asked to adjust the amplitude such that the monocular line stopped oscillating. Each subject made 480 adjustments (30 gap widths × 6 disparities × 3 repetitions). In a few conditions, movement of the line could not be stopped completely. Subjects were asked to report these events and subsequently to minimize line movement. The line was always placed in the gap between the random-dot patterns. The centre of line oscillation was jittered slightly between trials. Thus, the subjects could not use the position of the line in the gap as a cue for optimum settings. The half-image having the widest gap always contained the line. For narrow gaps of up to 48' in one half-image and 0' in the other one, the stereogram represents an ecologically valid condition in which the line is monocularly occluded by the random-dot pattern that is perceived to be nearer the observer.
In a second experiment, the half-image which did not contain the monocular line was presented at a fixed position. The other half-image including the monocular line oscillated with a frequency of 0.75 Hz and an amplitude of 80'. The subjects perceived a stereogram. oscillating horizontally in the frontal plane. In this experiment, the phase of line motion was coupled to the position of the computer mouse. The subjects were asked to adjust the phase of line motion such that the line oscillated in phase with the stereogram.
In a third experiment, the half-images oscillated in counterphase again. Two monocular lines (16' × 12 deg) were placed in the gaps. The line viewed by the left eye was placed in the upper half of the stereogram, the one viewed by the right eye was placed in the bottom half. The vertical positions of the lines were such that the lines could not be fused in binocular vision. The amplitude of each of the lines in turn was coupled to the position of the computer mouse. The subjects were asked to adjust the amplitudes such that both lines stopped moving.
RESULTS
Amplitude settings of monocular line motion
The four subjects binocularly fused the oscillating halfimages at all times. They perceived a stationary stereogram containing two random-dot patterns, one pattern appearing to be closer than the other. Although the stereogram was seen as being stationary in space, the subjects experienced the oscillatory pulling of their eyes. The oscillating monocular line was seen to move both in direction and depth. It moved in the plane defined by the right side of the left pattern and the left side of the right pattern of the stereogram. In gaps narrower than about 1 deg, the amplitude of line motion could be adjusted such that the line was seen as being completely stationary. The central part of the line, the part flanked by the patterns, was seen as fixed to the patterns. The ends of the line, which protruded from the top and bottom of the stereogram, appeared to sway like canes in the wind. The sensation was strongest if the subjects fixated the patterns or the line between the patterns so that the ends of the monocular line were seen eccentrically. The subjects then perceived asymmetrical oscillations of the line ends. Size and direction of asymmetry were Gap width (rain arc) idiosyncratic. In monocular viewing no bending of the line was perceived.
With wider gaps between the patterns, it was more difficult to find an amplitude at which the line did not oscillate at all. Often a slight oscillation remained, which was mainly motion in depth. If this situation occurred, subjects set the amplitude that was associated with a minimum of directional oscillation. Figure 3 shows amplitude settings made by one representative subject. The amplitudes of the settings are multiples of 4'. This is a consequence of the pixel size which only allowed discrete steps in amplitude settings of 4'. For gaps between the patterns narrower than about 1 deg, subjects set amplitudes of line movement close to 40'. This amplitude was equal to the movement amplitude of the half-image which was viewed by the same eye. Thus, both binocularly and monocularly visible parts of the stereogram were perceived as stationary if the two half-images moved at the same but opposite speed and the line did not move relative to the random-dot pattern in monocular viewing. With wider gaps, the subjects set the amplitudes of line oscillation significantly smaller than those of the half-image movements. They adjusted the amplitudes of line movement to about one-half of the amplitude of pattern movement in gaps with widths of about 400'. The consequence of these settings was that in monocular viewing the line and random-dot patterns were clearly seen to oscillate with different amplitudes. As Fig. 3 illustrates, the size of disparity between the random-dot patterns did not affect the settings. Apparently, gap width was the only factor which determined the amplitude of line motion that nulled the perceived motion. Consequently, we pooled the settings for the different disparities in the further analysis of the data, which implies that we calculated mean values from 18 settings (6 disparities x 3 repetitions). was larger for wider gaps which may be related to the fact that subjects could not always perfectly null the motion. The four subjects made very similar amplitude settings. The only idiosyncrasy observed in the data was an asymmetry between settings made for lines viewed by the left and right eye. Subject CE made almost symmetrical settings, whereas the settings of subject IH were rather asymmetrical. The slope of the amplitude settings was less steep for lines viewed by his left eye. The other two subjects made slightly asymmetrical settings. The asymmetry of the settings may be related to the presence of ocular dominance. In a Polaroid eye dominance test (Campos, 1978) , subjects IH, RE and JB showed a dominant left eye. Subject CE showed no strong dominance of one of the eyes in the Polaroid eye dominance test.
Phase settings of monocular line motion
A sinusoidally oscillating signal can be cancelled by the addition of another sinusoidal signal only if both signals have the same frequency, the same amplitude and exactly opposite phases. In the previous experiment, we adjusted the amplitude of line movement but kept the frequency and phase constant. It is rather unlikely that oscillations of line and patterns with the same frequency are perceived to have different frequencies. However, it might well be that line and pattern movements are perceived to have different phases because the line is viewed by one oscillating eye, whereas the patterns are viewed by two eyes, probably oscillating out of phase. It is evident that if line movement were perceived with a phase shift relative to the movement of the random-dot patterns, subjects would not be able to cancel line motion altogether by adjusting movement amplitude. To examine this possibility, we measured the phase relationship between the oscillations of a line and patterns, oscillations which the subjects judged to be in phase. Figure 5 shows results of this phase matching experiment for a range of gap widths. The phase of the line movement could be adjusted in steps of 1 deg. When gaps between the two random-dot patterns were narrow, line and patterns were indeed perceived to move in phase with each other if they oscillated in phase. For wider gaps, line and patterns were seen to move in phase only if the line lagged behind the pattern by a few degrees. Phase lags were small, generally less than 10 deg, but clearly present in all subjects. Again, subject IH showed the most asymmetrical responses. His phase lags were always below 10 deg for lines viewed by the left eye and ranged up to 25 deg for lines viewed by the right eye.
Binocular visual directions of a set of nonius lines
Nonius lines are often used as indicators of eye position and binocular correspondence. Generally, they consist of a pair of unfusible, monocular lines, each line viewed by one eye. We placed such a set of oscillating nonius lines in the gap of the stereogram and investigated whether subjects could cancel out the perceived motion of both lines by adjusting the amplitudes of oscillation. Care was taken that the nonius lines did not serve as a stimulus for binocular fusion. Fusion was prevented by placing one line above the other with a gap in between. Subjects attempted to adjust the movements of both lines such that they were perceived as stationary at the same time. The attempts were not very successful. In wide gaps, it was possible to obtain a stationary percept of each line as long as the other line was viewed in the periphery. If fixation was displaced to positions at which both the bottom end of the upper line and the top end of the lower line were viewed foveally, both lines clearly oscillated relative to each other and relative to the random-dot pattern. Perception of the lines was different in narrow gaps. The ecologically valid line was seen in a fixed direction if it moved at the same speed as the random-dot pattern viewed by the same eye. The perceived direction of the line remained fixed for any point of fixation. Perceived motion of the ecologically invalid line could not be fully cancelled out by adjusting the amplitude or phase of its movement on the screen. Again, the percept of oscillation remained for any point of fixation.
Eye movements during the amplitude settings
Knowledge of eye movements during the viewing of adjusted line movements is essential for the interpretation of the psychophysical results in terms of evaluating rules for binocular visual direction. For instance, accurate tracking of the monocular line by the viewing eye is a prerequisite for the usefulness of geometrical rules for describing the perceived direction of monocularly viewed objects. The percept of a stationary line is incompatible with sloppy tracking if the position of its retinal projection and the eye positions are the only factors in the rules that describe the binocular visual directions of monocular objects. Figure 6 shows representative eye movements made during the viewing of nulled line movement. Eye movements consisted of both version (vs) and vergence (vg) movements if one of the eyes fixated the monocular line (left-hand side of Fig. 6 ). Version oscillations slightly led the oscillations of the monocular line. Phase leads of up to 20 deg were measured in the different subjects. Vergence movements followed target vergence of the oscillating random-dot patterns with gains far below unity and with considerable phase lags (see also Fig. 7 ). The combination of version and vergence resulted in asymmetrical eye movements. Retinal slip of the monocular line and the random-dot pattern viewed by one eye was much lower than retinal slip of the random-dot pattern viewed by the other eye, although fixation on the monocular line was not perfect. Fixation errors showed a oscillatory wave form with amplitudes of up to 40'.
The eye movements were rather different if a detail of the random-dot pattern was fixated at a position slightly away from the monocular line (right-hand side of Fig. 6 ). The eyes followed the movements of the half-images with more or less symmetrical oscillations of the two eyes. This means that the eye movements consisted mainly of vergence movements. The monocular line oscillated more vigorously on the retina during fixation of the random-dot pattern than it did during fixation of the line. Amplitudes of retinal oscillations of the line of up to about 70' were measured during fixation of the randomdot pattern.
The differences between eye movements associated with fixation of the line and with fixation of the randomdot pattern did not affect perception of the stereogram in any way if the gap between the patterns was narrow. In both viewing conditions the subject perceived the stereogram, including the monocular line, to be completely stationary.
We measured the eye movements of one subject extensively during the viewing of nulled line motion in gaps ranging from 16 to 400'. In this subject, gain of ocular vergence decreased for increasing gap widths between the two random-dot patterns from about 0.8 to 0.6 (Fig. 7) . Apparently, ocular vergence gains do not only depend on frequency, amplitude (Erkelens & Collewijn, 1985a) and size (Erkelens, 1987) of the stimulus but also on its eccentricity. Phase lags of ocular vergence did not show a clear dependence on the gap width between the two random-dot patterns. Gains that are far below unity in combination with considerable phase lags have important consequences for the rules of binocular visual direction as we will demonstrate in the Discussion section.
In addition to smooth version and vergence, the subjects also made saccadic eye movements. Saccades were either made to change fixation from one detail of the scene to another one or to correct for excessive fixational errors caused by the improper tracking of stimulus oscillations. Generally, the saccades had a small amplitude and were almost the same size for the two eyes.
DISCUSSION
Capture of binocular visual direction
The present results are of interest for the evaluation of existing rules for binocular visual direction. In particular, the results are relevant for the formulation of new rules for the binocular visual directions of monocular occlusions. The combination of psychophysical data and objective eye movement recordings has produced evidence for interactions between the binocular visual directions of adjacent objects. As the following discussion of the experimental results will show, binocular visual directions of monocular stimuli are captured by the binocular visual directions of adjacent binocular stimuli. We will also show that this capture of visual directions is a binocular phenomenon. The conclusions are based on four results from the present experiments, namely (1) binocular visual directions of binocular stimuli; (2) retinal errors during viewing of the stereogram; (3) binocular visual directions of monocular stimuli in narrow gaps; and (4) binocular visual directions of monocular stimuli in wide gaps.
Binocular visual directions of binocular stimuli
The half-images, which oscillated in counterphase, were perceived as a completely stationary stereogram. In other words, the stereogram was not perceived to oscillate in depth or in direction. This finding confirms previous observations (Erkelens & Collewijn, 1985a,b; Regan et al., 1986) . The fixed binocular visual directions of the stereogram support the view that binocular visual directions are equal to headcentric directions (Ono, 1991; Howard & Rogers, 1995a) . In this view, binocular visual directions are assumed to be produced by signals from two subsystems, namely, the oculocentric system and the eye-head system (Gregory, 1958 (Gregory, , 1966 . The signals from the two subsystems can be combined in two ways: (1) the oculocentric and eye position signals combine for each eye separately and then are projected onto the cyclopean eye; or (2) the joint oculocentric signals combine with the joint eye position signals. For halfimages which oscillate in counterphase, such as used in the present experiments, both combinations of signals produce a constant signal. The resulting signal is independent of vergence and version, so symmetrical or asymmetrical eye movements (Fig. 6) during viewing of the oscillating half-images should not affect the binocular visual direction of the stereogram. This prediction was confirmed by the observations of the subjects in the present experiments. Subjects reported that changing fixation from the monocular line to a random dot of the stereogram or vice versa did neither induce motion of the random-dot pattern nor of the monocular line. They were very convinced that they saw stationary patterns and a stationary line if the gap between the patterns was narrow.
Retinal errors during viewing of the stereogram
In the experiments, the eyes followed the movements of the half-images with considerable retinal errors and slips. This result is not surprising: sloppy tracking by the eyes was anticipated from previous experiments (Erkelens & Collewijn, 1985a; Pobuda & Erkelens, 1993) . In fact, amplitude and frequency of stimulus oscillation were chosen such that large oscillating retinal errors were expected to occur throughout the experiments. Tracking of the monocular line was imperfect too. The eyes followed the oscillations of the monocular line with considerable retinal errors, even if the movement of the line was adjusted such that the line was seen in a fixed direction. The retinal projection of the line oscillated with the frequency of the stimulus and amplitudes of up to 40' despite the stationary percept of the line. If the subject fixated a detail of the random-dot pattern, the retinal oscillations of the line were even larger, namely, as large as 70'. The oscillations were larger than the smallest gap widths of the stereogram. Even these large oscillations remained unnoticed by the subjects.
Misperception can occur due to the phenomenon of induced motion. Induced motion is experienced whenever a small stimulus is viewed against a large moving background. The thin monocular line was viewed against a large background. However, there was no relative motion between the line and random-dot patterns, either in monocular or in binocular viewing. Thus, it is unlikely that induced motion caused the misperception of stimulus motion. Both line and random-dot patterns were perceived in fixed binocular visual directions despite their oscillating retinal projections.
The combination of oculocentric and eye position signals, which is assumed to produce binocular visual direction, explains the fixed perceived directions of binocular objects. For monocular objects, the combination of these signals predicts oscillating perceived directions. The fact that the binocular visual direction of the monocular line was fixed implies that binocular visual directions of monocular objects are not produced by signals that involve the oculocentric directions of the monocular objects themselves. In other words, the binocular visual directions of monocular objects adjacent to binocular objects are not specified by geometrical rules. The fixed binocular visual directions of both monocular and binocular objects suggest that the binocular visual directions of monocular objects depend on the binocular visual directions of their binocular neighbours.
Binocular visual directions of monocular objects in narrow gaps
In small gaps, the monocular lines were perceived as (A), binocular capture (B), and a linear (g). 0 and g are expressed in degrees, t is stationary if they moved at the same retinal speeds as adjacent objects that had counterparts in the other eye.
Moving at the same speed implies that the retinal projection of the monocular line remained at fixed distances from the monocular projections of the binocular objects. The fixed distances were predicted by the rule suggested by Erkelens et al. (1996) . However, this rule also predicted left-right oscillations both for the monocular and binocular objects. These oscillations were not perceived by the subjects during the experiments. The perceived directions of the binocular objects followed the rules of Hering (1879 Hering ( /1942 . The fixed monocular distances between line and random-dot patterns (following the rule of Erkelens) in combination with fixed binocular visual directions of the random-dot patterns (following the rule of Hering) produce a fixed binocular visual direction of the monocular line. In other words, the direction of the monocular object is captured by the binocular visual directions of the adjacent binocular objects.
Binocular visual directions of monocular objects in wide gaps
One can argue that the capture of binocular visual direction is a purely monocular phenomenon which is also manifest in binocular vision. In monocular vision, objects are perceived at fixed angular distances from each other if there are fixed angles between their retinal projections. In binocular vision, however, fixed binocular visual directions of the monocular line did not correspond to fixed angles between the retinal projections of line and patterns if the line was placed in a wide gap. Considerable relative displacements of up to 20' were measured for gap widths between 6 and 8 deg. These fluctuations were clearly visible in monocular viewing but not in binocular viewing. The differences between monocular and binocular viewing show that capture of binocular visual direction is essentially a binocular phenomenon. The dependence of the amplitude and phase settings on gap width shows that the effect of capture decreases with increasing distance between objects. This conclusion is supported by the observation that the ends of the monocular line appeared to sway to and fro. Swaying of the line only occurred during binocular viewing. The bending of the line can be explained by differences in the strength of capture related to retinal distances between monocularly and binocularly perceived objects. Owing to the longer distances to the random-dot patterns, binocular capture was weaker for the ends of the monocular line than for the middle part. Another possibility is that capture operates more effectively along horizontal meridians than across them.
Spatial characteristics of binocular capture
Isolated monocular objects have binocular visual directions which are specified by the rules of Hering. In the vicinity of binocular objects, monocular objects have binocular visual directions which are specified by the binocular visual directions of the adjacent binocular objects. We refer to this phenomenon as capture of binocular visual direction (Erkelens & van Ee, 1997) . A reasonable hypothesis is that, in general, binocular visual directions of monocular objects are specified by a combination of the rules of Hering and the rule of capture. We examined whether the amplitude settings of monocular line motion (Figs 3 and 4) support this hypothesis.
We calculated percel.ved directions according to the rules of Hering and according to the capture rule by using the amplitude settings of subject CE (Fig. 4) in combination with the gains and phases of his ocular vergence (Fig. 7) . The monocular line would have binocular visual directions as shown in Fig. 8(A) if it was perceived according to the rules of Hering. The subjects would perceive an oscillating line at all gap widths. The perceived oscillations would decrease as a function of gap width due to the smaller settings (Fig. 4) and smaller vergence movements (Fig. 7) . Figure 8(B) shows the binocular visual directions predicted by the rule of binocular capture. The line would be perceived in a fixed direction if placed in narrow gaps. This percept is in agreement with the experimental results.The subjects would perceive an oscillating line if it were placed in wider gaps. Perceived oscillations would increase with gap width owing to the decreasing amplitudes of the settings (Fig. 4) . In the experiments, the binocular visual direction of the line only slightly oscillated in wide gaps. Figure 8 (C) shows binocular visual directions that are weighted averages of the binocular visual directions shown in Fig. 8(A) and (B) . The binocular visual directions (0) were calculated according to the equation: 0 = wOH + (1 -w)Oc, where 0H and 0c are the binocular visual directions according to the rules of Hering and of binocular capture, and w is the weighting factor. The weighting factor was chosen to be a linear function of gap width. The sum of the two weighting factors w and 1-w add up to 1. This choice is made because it guarantees that the rule of binocular capture is followed for monocular occlusions and that the rule of Hering is followed for isolated monocular objects. We could not find a set of weighting factors that fully cancelled out the oscillations of binocular visual direction for all gap widths. The oscillations had minimum amplitudes if the weighting factors were specified by w = 0.06g, where g is the gap width expressed in degrees. The calculations show that the experimental results are well described by binocular visual directions that are weighted averages of those predicted by the rule of Hering and those predicted by the rule of binocular capture. An appropriate weighting factor of 0.06 times the gap width implies that the binocular random-dot patterns affect the perceived direction of the monocular line up to an angular distance of 8 deg between the line and the patterns. This means that the perceived directions of monocular objects can be influenced by the presence of binocular objects in a wide spatial range. Thus, the effect of binocular capture is not limited to monocular occlusions. Binocular capture even affects the perceived directions of monocular objects if binocular objects are only present at a distance. How the range of binocular capture depends on, for instance, the size and the spatial configuration of monocular and binocular objects will be a subject of further research.
Implications of binocular capture for the use of nonius lines
The present experiments clearly show that the presence of binocular objects affects the binocular visual directions of monocular objects. Binocular capture of these directions ensures that the monocularly viewed parts of objects are perceived to be rigidly attached to the binocularly viewed parts, irrespective of the quality of binocular fixation. The effect of binocular capture, however, may have serious consequences for the use of nonius lines.
Nonius lines are widely used, both in fundamental research and in clinical tests. The basic assumption underlying the use of nonius lines is that the binocular visual directions of these monocular lines are fully determined by the positions of the retinal projections in combination with the joint eye positions. In other words, the assumption is that binocular visual directions of nonius lines are described by the rules of Hering. Generally two nonius lines are used, one line projected on each retina such that they cannot be fused. Since the joint eye positions are common for the two nonius lines, the lines are assumed to indicate the positions of their retinal projections relative to each other. The present results show that, at least under dynamic viewing conditions, nonius lines are only reliable predictors of retinal positions if binocular objects are absent or projected far away from the nonius lines. This condition is fulfilled in the Maddox-rod test, a subjective test of phoria in which fusional responses are fully disengaged by the placing of a set of high-powered cylindrical prisms in front of one eye (Howard & Rogers, 1995b) . The condition is not fulfilled in measurements of fixation disparity in which nonius lines are placed near a binocularly fixated object (Mallett, 1964; Sheedy, 1980) . Earlier evidence for the limited use of nonius lines in indicating fixation disparity was produced by Kertesz & Lee (1987) who directly compared objective and subjective measurements of fixation disparity.
Nonius lines have also been used to measure horopter surfaces. In these experiments nonius lines were presented at specific distances from binocular objects. In reviewing three methods for measuring the longitudinal horopter, Ogle (1962) considered the nonius technique to be the truly valid one. Data showed that the nonius horopter generally lay nearer the Vieth-Mfiller circle than curves obtained by the apparent frontoparallel-plane method. The present results suggest that the smaller offsets may be explained by capture of the nonius line's direction by the direction of the binocular fixation point.
In their excellent book, Howard & Rogers (1995c) discuss the nonius method for indicating cyclovergence. They describe that cyclovergence can be induced by large binocular stimuli which are rotated differently in front of the two eyes. Howard et al. (1993) measured cyclovergence objectively as well as by aligning nonius lines which were placed at the centre of their stimuli. They found that nonius settings were higher than the magnitude of cyclovergence measured objectively, especially in dynamic conditions. Capture of the nonius lines by the large binocular stimulus qualitatively predicts this result. The amplitudes of cyclovergence of the stimulus, and thus of the nonius lines, were larger than the amplitudes of the objectively recorded eye movements (Howard & Zacher, 1991) .
A consequence of the capture of binocular visual direction may be that even the famous demonstration of the law of common binocular direction given by Hering (1879 Hering ( /1942 ) is flawed. In the demonstration of Hering, the left eye fixates a distant tree while the right eye is closed. A black spot on a pane of glass nearer than the tree is aligned with the tree. When the right eye fixates the spot while the left eye is closed, a distant house is in line with the dot. When both eyes fixate the spot, the house and the tree appear superimposed. The superposition of house and tree may be caused by capture of the directions of house and tree by the direction of the binocular fixation spot. And thus, we can pose the question: Would the house and the tree still be perceived to lie in the same direction if they were viewed by eyes having the same vergence angle, but in the absence of the fixation dot?
The answer to this question can only by given by objective measurements of eye positions. It may well be that Hering's demonstration is correct, because it is not clear yet how the sizes of monocular and binocular objects affect the strength of capture. The binocular objects were large in the present experiments. The impact of a single binocular fixation point on the binocular visual directions of adjacent monocular objects may be small. However, irrespective of whether or not the demonstration by Hering is correct, the phenomenon of binocular capture limits the general use of nonius lines as indicators of binocular correspondence.
